Abstract
Introduction
In the generalization of road networks, various operations may need to be applied, such as selective omission, simplification, typification, collapse and displacement [6] . But selective omission is a prerequisite to other operations [3] , which is a process to retain more important road features (or to eliminate less important ones) while the essential topological, geometric and semantic characteristics of a road network are well preserved.
Map generalization is a constraint-based process. Some sorts of constraints (or criteria) must be used for the selective omission of road features. One of such criteria could be the type of roads. It would be the easiest if, say, all roads of type 'A' are retained but all those of type 'B' are eliminated, at a smaller scale.
However, in practice, one may need to retain 60% of Type 'B' roads as well [5] . The question arising is: "which 60% to retain?"
For the selective omission of roads, various techniques have been tried by researchers. Mackaness and Beard discussed the application of graph theory principles to support generalization of road network [7] . Mackaness [8] and Jiang and Claramunt [2] applied space syntax for the analysis of the structure of urban street networks. Jiang and Harrie employed selforganizing maps to determine the significance of individual road features, which an integrated index of centrality measures and other geometric and semantic attributes of streets (such as length and type) [3] . Thomson and Richardson made use of "good continuation grouping principle" of perception to concatenate road segments into strokes [10] .
In all these methods mentioned above, one needs to set the percentage of road features to be represented on the smaller maps. Normally it is guided by the socalled "Principle of Selection" or "Radical Laws" [11] . However, the "Principle of Selection" is only a general guideline obtained from mass statistics of maps of different areas (places) and at different scales and may be not applicable to maps of a specific area and/or at particular scale ranges. Therefore, the value computed from this principle may be not very appropriate for a specific case [5] . For instance, the authors have made a comparison of road representations between 1:50000 and 1:10000 maps in a test area and found that a value of 65% was the ratio of retention, while the percentage computed from the "Principle of Selection" is about 45%.
This project aims at the development of a constraint for selective omission of streets. The constraint should be adaptive to local variations. Such a constraint is formed by measuring the density of street network. In this study, two types of density differences are considered, one being the difference between different areas and the other being between scales. That is, a study area may be sub-divided into a few sub-areas and a threshold/constraint of density may be assigned to each of these sub-areas. In this way, the results are more realistic (closer to manual generalization).
The remainder of this paper is organized as follows. Section 2 discusses the concept of mesh density and its computation. Section 3 discusses the principles of applying mesh density for the selective omission of meshes. Section 4 introduces the methods for the determination of the thresholds for mesh density. Section 5 describes the elimination of one or more road segments of a mesh so as to eliminate the mesh. Section 6 illustrates a case study. Finally, some conclusions are made in Section 7.
2. Measure of road density: From line density to mesh density
Conventional measure of road density
Road density is been conventionally defined as the ratio of total length of roads in a given region to the area of the region. Mathematically: D=L/A (1) where, D denotes the road density, A represents area of an region and L is the total length of all road segments in the region which can be expressed as:
where, l i is length of the i th road segment and "n" is the number of road segments, within the region.
This measure is able to tell the overall density of roads within the whole area of interest. However, it is not able to tell the variation of road density over space. That is to say, this measure is not very suitable for the purpose of map generalization although it has been proved as being good for transportation studies. Therefore, a search of new measure for map generalization purpose is a matter of great importance.
Mesh density as a new measure of road density for map generalization purpose
One could imagine that the area of the sub-regions should be used in the new measure for road density. A natural line of though is to try D=（P+L）/A (3) Where P is the perimeter of a sub-region, L is the total length of all dangling road segments within the subregion, A is the area of the sub-region, and D represents the road density of this sub-region. In this paper, such a sub-region is called a mesh and, therefore, Equation (3) is referred to as mesh density. In fact, mesh density expressed by Equation (3) is a special case of the road density expressed in Equation (1) . A mesh is the smallest region in a road network. Equation (3) can be derived from Equation (1) . Suppose the region of interest is a mesh with a buffer. The thickness of buffer is 0 ε > (Figure 1c ), then the conventional road density is:
Where P is the perimeter of a mesh, L is the total length of all dangling road segments within the mesh, A is the area of the mesh, A ε is the area of the buffer (the ring in grey colour in Figure 1c ), Δ is the total length of road segments inside the buffer, D represents the road density of this mesh. Let 0
Indeed, the Equation (3) can be simplified to the Equation (6), especially for selective omission roads. In other words, in mesh density, those dangling segments within a mesh are all ignored. The road segments in a network can be classified two types, i.e. the segments on the boundary of meshes and dangling segments. Selective omission dangling segments, needn't consider the connectivity of network and only according to geometric and semantic properties of segments to handle, so dangling segments can be handled firstly. Moreover, if a mesh need to be eliminated, dangling segments within the mesh are likely always to be omitted priority to other segments on the boundary of this mesh, due to considering network connectivity and other properties of segment.
3. The basic principles of using mesh density for selective omission of streets
Mesh as basic unit and mesh density as benchmark
In the mesh-density-based road generalization, a mesh can be regarded as the basic unit of selection. With a given set of streets, the mesh density can be mapped out. The mesh density is then used as a benchmark for the determination on which road segments are to be eliminated. Usually, a threshold is given beforehand or computed from the given set of data. If the density of a mesh goes beyond the threshold, then there is a need to eliminate one or more road segments on the boundary of the mesh. (The determination of such threshold will be discussed later in Section 4.)
Preservation of density difference over regions
The meshes can be classified based on the types of streets on its boundary. A mesh may be bordered by roads with different classes (see Table 1 ). In the classification of a mesh, the bounding road segment with lowest ranking determines the class of the mesh. For the selection omission process, different thresholds may be applied to different classes of meshes. In this way, the density differences over regions in a street network could be preserved. 
Preservation of the connectivity of a street network
When the density of a mesh exceeds the given threshold, one or road segments on the boundary of this mesh need to be selectively omitted. As a mesh is a loop, when one segment or more segments is omitted, the remainder becomes part of a new larger loop by merging with the adjoining loop. The critical question now is "which segments should be selectively omitted?" To answer this question, one important consideration is the preservation of topological connectivity of the street network. The other factors are the attributes of road segments such as street class, length and so on.
Determination of thresholds for mesh density

Determination of threshold for mesh density based on theoretical analysis
The density of a mesh can be expressed either in terms of ground distance but also in terms of map distance. The former is a fixed value for a given mesh while later varies with the scale of maps. The mathematical relationship as follows:
Where, D m is mesh density in terms of map distance and S is the scale factor of the map. It is revealed in this equation that the mesh density of a map increases when the scale is reduced. For maps at a certain scale, there must be a minimum size for a mesh unit beyond which the mesh cannot be perceived anymore. Correspondingly, there must be a threshold of mesh density beyond which one or more segments on the boundary of the mesh must be eliminated so that two adjoining meshes could be merged to become a larger mesh. Such a mesh density can be regarded as the permissible largest density (PLD) and represented by the symbol D m-max in this context. The PLD implies the longest possible length of roads in the smallest visible area. This minimum mesh size could be equivalent to the SVO (smallest visible object) in "natural principle" proposed by Li and Openshaw [4] . SVO could be a small circle, a raster cell or any other geometric entity. The D m-max can then be computed as follows:
Where, L m is the size (diameter or edge) of the SVO in terms of map distance. The corresponding SVO in terms of ground distance, F is expressed as follows:
However, Li and Openshaw took into consideration of the scale of original (source) map in the computation of F [5] . So they modified Equation (9) into:
(1 )
Where, S s is the original scale factor; S d is target scale factor. In the end, the PLD can be expressed in terms of the ground size as follows:
For the value L m , several researchers have conducted studies. For example, Müller suggested a value 0.4mm as being appropriate [9] . With this value, if the map is generalized from the scale 1:10,000 to the scale 1:50,000, the D max is 
Determination of thresholds for mesh density based on map specifications
Indeed, the L m is similar to the minimum size required for area symbols in cartographic design. The specification for 1:50,000 maps of China requires that the dimension of a building block on the map should be at least 1.2mm ×1.0mm and the width of a street be at least 0.5mm [1] . If the central line of the street is considered, then D max can be computed as follow: 
Determination of thresholds for mesh density based on empirical study
To verify the validity of the theoretical values, an empirical study is carried out. The scale change is from 1:10,000 to 1:50,000. A street network from Tianjin city (Figure 2a and 2b) has been used for study the threshold. This map mostly contains MS and SS. The density distribution graphs are shown in Figure 2c and 2d.
The graphs in Figure2c describe the density distributions of SS meshes at different scales, and show that the great difference between two graphs. In the side with larger density (between 0.026 and 0.070), the number of meshes at 1:10,000 is more than that at 1:50,000 for each density value, which reveals that the number of the meshes with larger density needs to be reduced as scale decreases. In other words, some road segments needs to be deleted and meshes to be merged. However in the side of smaller density (between 0.010～0.026), the number of meshes at small scale is more than that at large scale for each density value. It indicates that the meshes with larger density have been merged so as to cause the numbers of the meshes with smaller density being reduced. The density value 0.026 is a critical point. That is, most of the meshes with density over 0.026 will not be represented on map at 1:50,000 and needs selective omission. This critical point might be used as the density threshold for SS meshes at scale 1:50,000.
However, the density distribution graphs of MS meshes at different scales are different with graphs displayed previously. The two graphs are very closely (see Figure 2d) . It means that almost all the MS meshes are retained at 1:50,000 and therefore no threshold value is required in this case. 
Integration of theoretical analysis and empirical study
From the empirical study, it could be found that the density thresholds of SS mesh is 0.026. The density threshold of MS mesh is 0.0743 deduced from the cartographical specifications. The density thresholds about IR meshes will be set to 0, meaning the elimination of all these meshes at 1:50,000. The density thresholds for the roads with high classes are set to the PLD in order to retain them all. In this case, 0.25 is selected for the density thresholds of EX mesh. A summary of the threshold values for different types of road meshes is listed in Table 2 . With these thresholds, the meshes to be selectively omitted can be identified. 
Determination of thresholds for mesh density based on empirical study
In order to determine which segments to be eliminated, some parameters need to be considered. The attributes such as name, class and length of road segment may form a set of such parameters. However, in some cases, such attributes are not always available. In this study, another two parameters are also considered, i.e. length of stroke and degree of stroke. These two combine together the geometric, semantic and topological attributes of road segments.
Thomson and Richardson have made use of stroke for road selective omission [10] . This is based on the principle of "Good Continuation" in the theories of Gestalt psychology. In this study, strokes are built based on the arc-node data structure of road network, with consideration of names and directions of road segments at a junction.
One very important parameter of a stroke is the "degree of stroke" (D s ). It is the number of segments in a stroke. Generally speaking, the higher degree of a stroke is, the larger number of intersection a stroke has with other roads, and thus the more important the stroke is. The degree of stroke "1" means that the segment has the least relation with other segments in geometric and semantic, so that it should have a priority for elimination.
As a result, in the elimination of a road segment, the parameters considered in this study is as follows, i.e. class of road (C), degree of the stroke (D s ), length of the stroke (L s ), length of the segment (L), with importance in descending order. In addition, sometimes, other implicit attributes also need to be considered. For example, the road segment linking directly with important features such as dock should not be eliminated. The rules for elimination operation can be set based on those parameters.
Elimination of road segments and merging of a mesh into adjoining mesh
The meshes with largest density are taken out by turns, and the least important road segment is sifted gradually for elimination and then merging into an adjoining mesh.
Parameters reflecting importance of road segments have an order of priority for road selection. If there is only one road segment with the lowest class on the boundary of a mesh, then it will be eliminated undoubtedly. That is, in the elimination process, some rules should be established based on the parameters discussed previously. Some of these rules formalized in this study are as follows: Where, rules 1, 2 and 3 are used for searching for the least important road segments to eliminate. On the other hand, rules 4 and 5 are employed to retain this road segment, i.e. to avoid this road segment be deleted because it has other important attributes.
For the dangling road segments, the rules are simpler. For instance, a rule may look like: "If D s =1 and Ls < 100m, then to delete". Of course, a user can set up different rules according to his/her requirement.
Mesh merging must start from those with the greatest density to avoid the adjacent meshes with density beyond threshold being over-merged, (which may cause some road segments deleted unnecessarily). Therefore, meshes are to be sorted by density and handled one by one.
Case study
A case study is used to evaluate the applicability of the methodology developed in this study. The street network has been described in Section 4. The map scales are transformed from 1:10,000 to 1:50,000. For the rules to retain road segment, the threshold of stroke length is set to be 6cm in terms of map distance (i.e. 3km in terms of ground distance). Due to seaming edge issue, the dangle road segments at boundary of maps are not discarded. That is, only some dangle segments within meshes are eliminated. The rule for selection of dangle roads is set as "if stroke length < 3km, then eliminate". Figure 3a shows the automated result of streets, and Figure 3b shows the contrast between those selected and those eliminated the road segments. The statistics about two sets of data are listed in Table 3 .
Conclusions
This paper presents a method for selective omission of street network for digital map generalization. In this method, two steps are involved. The first step is to select those small meshes for elimination and the second step is to actually eliminate one of more segments on the boundary of the mesh. The mesh selection is based on the concept of mesh density. The elimination of road segment on a mesh boundary is based on stroke and other parameters. Some rules are set for both steps.
A map has been used to evaluate the method developed in this study. The results are encouraging. The consistency between the automated result and the actual road map is very high, i.e. 96%. It can also be found that the new method is very efficient. In addition, this selection approach can be used to other type road networks for digital map generalization. In the future, attention will be paid to the interaction between road and other map features such as buildings to make the selective omission more appropriate.
